Background {#Sec1}
==========

Maize kernel development begins with double fertilization of a haploid egg cell and dikaryotic central cell to produce two filial structures: a diploid embryo and triploid endosperm. This complex biological process can be divided into three phases: early development, reserve filling and dehydration, and phyohormones play vital roles during this process \[[@CR1]--[@CR4]\]. The first 10 days after pollination (DAP) is the early maize kernel development stage, in which a few key developmental processes occur \[[@CR3]\]. During 0--3 DAP, the endosperm undergoes nuclear divisions without cellularization to form a large coenocyte. Then followed by endosperm cellularization and an intense period of cell division, this early mitotic phase lasts until 8--12 DAP in the central region, resulting in rapidly growing maize endosperm that filled entire seed cavity. This mitotic cell division phase is largely responsible for generating the final population of endosperm cells \[[@CR4]\]. At 9 DAP, the kernel undergoes the differentiation peaks of cell types in the embryo and endosperm, and storage product synthesis and accumulation initiates at ∼10 DAP in maize endosperm. At 15 DAP, the embryo-surrounding region (ESR) disappears and synthesis of endosperm starch and storage proteins peak \[[@CR4]\].

After endosperm cellularization, the endosperm differentiates into four main cell types, starchy endosperm (SE), basal endosperm transfer layer (BETL), aleurone layer (AL) and ESR, each cell type has unique hormonal characteristics, cellular morphologies and gene expression patterns \[[@CR3]\]. Although cytokinins (CKs) promote endosperm cell divisions, maximal CK content is reached 1--2 days before the peak in endosperm mitotic activity \[[@CR5]\], the mutant *mn1* kernels showed slightly higher levels of CK than the *Mn1* kernels during kernel development \[[@CR6]\]. Auxin has fundamental roles in plant vegetative and reproductive growth and development. During *Arabidopsis* seed development, auxin response is observed in the earliest stage embryo \[[@CR7]\], while auxin is not detected in maize kernel until the transition stage (\~ 7 DAP) \[[@CR8]\]. The developing maize endosperm synthesizes large quantities of IAA, and IAA concentration in kernel abruptly increased from 9 to 11 DAP \[[@CR9]\]. High auxin concentrations are detected in the highly specialized BETL tissue, which contains deep cell ingrowths at the basal surface that facilitate nutrient uptake from the apoplastic space in the placenta chalazal region \[[@CR10]\]. Auxin is hypothesized as the signal that triggers the transition to the filling stage, as it reaches a maximal concentration in whole kernels at \~ 12 DAP \[[@CR11]\]. The *mn1* kernels are most notably deficient for indole-acetic acid (IAA), where both free and IAA sugar conjugate forms were at least 10-fold reduced in the mutant throughout kernel development \[[@CR11]\]. Seven maize *YUC* genes, which encode proteins containing the flavin-binding monooxygenase-like domain that converts indole-3-pyruvate (IPA) to IAA, are primarily expressed in developing kernels \[[@CR12]--[@CR14]\]. *De18* (*defective endosperm18*) encodes the endosperm-specific *ZmYUCCA1*. The endosperm of mutant *de18* maize kernels displays impaired IAA biosynthesis, large reductions in free IAA levels throughout endosperm development, and finally approximately \~ 40% less dry mass than wild type, suggesting a disruption of nutrient uptake \[[@CR15]\].

Plants have evolved to efficiently integrate external and internal cues into finely tuned growth programs that provide optimum fitness under diverse environmental conditions. Phytohormones such as auxin, salicylic acid (SA), jasmonic acid and its derivatives (JAs), integrate endogenous developmental cues with environmental signals to regulate plant growth and defense. Crosstalk between growth hormones (auxin) and defense hormones (SA and JAs) mediate trade-offs between plant growth and defense networks \[[@CR16]\]. SA is a critical signal for activating disease resistance in plant. JAs are lipid-derived stress hormones that regulate plant adaptations to biotic stresses (herbivore attack and pathogen infection) and abiotic stresses (ozone, ultraviolet radiation, high temperature, and freezing) \[[@CR17]--[@CR19]\]. Currently, there is limited information about the role of SA and JA in maize kernel development. Auxin signaling negatively affects plant innate immunity. Host susceptibility responses to pathogen infection are often mediated by induced auxin biosynthesis or modulated auxin signaling \[[@CR16], [@CR20]\]. Auxin antagonizes SA signaling in plant growth and defense, and SA represses auxin signaling by inhibiting auxin biosynthesis, uptake, sensitivity, and TIR1/ABF F-box receptor complex expression. Higher SA levels reduce the pool of active IAA, thereby prioritizing defense responses over growth; constitutively active SA-induced defense responses lead to retarded plant growth phenotypes \[[@CR21]--[@CR23]\]. JA synergistically interacts with auxin to benefit some plant pathogens \[[@CR24], [@CR25]\]. To enhance sustainable plant defense responses, efforts should be made to minimize the negative effects of auxin on immunity and reduce SA- and JA-mediated growth losses.

Early plant immunity is characterized by an oxidative burst, which induces the accumulation of reactive oxygen species (ROS) to suppress pathogen invasion or induce plant programmed cell death or hypersensitive response \[[@CR26], [@CR27]\]. Pathogenesis-related (PR) proteins are the hallmark of the induced defense response during plant-pathogen interactions, and their expression is associated with plant basal immunity \[[@CR28]\]. The defense response cascade also produces along with the accumulation of antimicrobial compounds, peroxidases, cytochrome P450 proteins (CYPs), and glutathione-S-transferases (GSTs) \[[@CR29]\]. The number and abundance of the defense-related products (PR1, PR5, PRm3, and PRm6), oxidative stress--related enzymes (peroxidase, catalase, superoxide dismutase, and ascorbate peroxidase) and the speed of defense responses determine the success of pathogen infection \[[@CR30]\]. WRKY family members have critical roles in plant immunity, senescence, and SA- and ABA-mediated plant defense and abiotic stress tolerance \[[@CR31]\]. OPAQUE11 (O11) is an important regulator for growth--defense tradeoffs during maize kernel development, O11 coordinates cell development, storage nutrient metabolism, and stress responses during maize endosperm development by directly regulating many stress response genes, such as the *PR* gene, *peroxidases*, *GST*, and stress response transcription factor (TF) genes such as *ZmWRKY53*, *ZmWrky40*, and *ZmJAZ1* \[[@CR32]\].

Maize is a globally important crop, its mature kernel size is determined during early kernel development. During kernel development, patterns of kernel weight accumulation show an earlier onset, slower rate, and earlier termination of grain filling in small kernels relative to large kernels, and transcriptome patterns reveal an earlier onset of key genes in small kernels, while similar maximum transcription levels in large kernels at later stages \[[@CR33]\]. However, a permanent and efficient defense response to environmental stresses is required for the sessile plants to sustain their growth, the simultaneous activation of defense and maintenance of growth are critical for kernel development. To investigate phytohormone (IAA, SA, and JA) mediated growth-defense responses and transcriptome reprogramming profiles during maize early kernel development, we used two maize inbreds with similar genetic background but different mature kernel sizes, and collected their developing kernels at 5 DAP (early mitotic phase), 8 DAP (before abruptly increased IAA concentrations), and 10 DAP (peak cell type differentiation in the embryo and endosperm and initiation of storage product synthesis and accumulation in the endosperm) to generation the data on phytohormone contents and transcriptome profiles.

Results {#Sec2}
=======

ILa kernels at 10 DAP had lower IAA levels and higher SA levels than ILb kernels {#Sec3}
--------------------------------------------------------------------------------

Two maize lines, ILa (JN14--7-22) and ILb (JN14--7-13), were developed from a single F~2~ progeny ear of a self-crossed hybrid after another three rounds of self-crossing. The mature dry kernel size of ILa selfing progenies was smaller than that of ILb kernels. The kernel length and width of ILa were smaller than those of ILb kernels. The one hundred-kernel-weight (HKW) of ILa kernels was significantly lower than that of ILb; the HKW of ILb was 21.56% more than that of ILa (Fig. [1](#Fig1){ref-type="fig"}). While the mature plant heights of ILa and ILb were similar (Additional file [2](#MOESM2){ref-type="media"}: Figure S1).Fig. 1The final kernel size and hundred-grain weight (HGW) of ILa mature dehydrated kernel was significantly smaller than that of the ILb. (**a**) Phenotypes of mature dehydrated kernels of ILb and ILa. (**b**) The HGW of ILb is 21.56% more than that of ILa. (**c**) The different kernel length and width of the two derived inbreds. Error bars show the standard error value. The asterisk shows a significant difference between the two inbreds (\*, *P* \< 0.05; \*\*, *P* \< 0.01) by Student's t-test

To investigate the possible role of phytohormones in determining kernel size during early kernel development in maize, the levels of the most important growth and defense hormones (IAA, SA, and JA) were measured in ILa and ILb kernels at 5, 8, and 10 DAP. At 5 DAP, no IAA was detected in the kernels of either inbred. At 8 DAP, IAA was detected in low abundance in kernels of both inbreds; the IAA level was slightly higher in ILa kernels than in ILb kernels. At 10 DAP, the IAA level was significantly lower in ILa kernels than in ILb kernels. SA was detected at relatively similar high abundance in ILa and ILb kernels at 5 and 8 DAP; at 10 DAP, SA was significantly higher in ILa kernels than in ILb kernels due to a sharp reduction of SA in ILb kernels and a relatively small reduction of SA in ILa kernels. JA was significantly lower in ILa kernels than in ILb kernels at 5 and 8 DAP, it was stable in developing ILa kernels at all three timepoints (Fig. [2](#Fig2){ref-type="fig"}). These results indicate that the significantly lower IAA level and higher SA level at 10 DAP in ILa kernels may correlate with the smaller kernel size and HKW of ILa kernels, compared to that in ILb kernels.Fig. 2Phytohormone levels in the early young kernel of ILa and ILb by HPLC. In the 5-DAP kernels, no IAA could be detected and abundant SA and JA could be detected; in the 5-DAP and 8-DAP kernels, only JA displayed significant difference between ILa and ILb. However, in the 10-DAP kernels, both IAA and SA level displayed significant difference between ILa and ILb and the previous JA level difference between ILa and ILb diminished. Data represent average of three biological replicates. Error bars show the standard error value. Values are the mean ± SD. The asterisk shows a significant difference between the two inbreds (\*\*, *P* \< 0.01, \*\*\*, *P* \< 0.001) by Student's t-test; NS, not significant

ILa and ILb kernel transcriptomes significantly differed at 5 and 8 DAP {#Sec4}
-----------------------------------------------------------------------

We investigated the gene expression networks during early kernel development in ILa and ILb to evaluate potential molecular mechanisms regulating phytohormone levels and mature kernel sizes. Developing kernels were collected at 5, 8, and 10 DAP from field-grown ILa and ILb plants for comparative transcriptome profiling by performing principal component analysis (PCA). Striking differences were observed in ILa and ILb kernel transcriptomes at 5 and 8 DAP. The ILa kernel transcriptome at 5 DAP (a5) clustered closely to the ILb kernel transcriptome at 8 DAP (b8), suggesting that the temporal developmental progression was faster in ILa kernels than in ILb kernels. The ILa kernel transcriptome at 8 DAP (a8) and the ILb kernel transcriptome at 5 DAP (b5) were strikingly different from the other kernel transcriptomes. By contrast, the ILa kernel transcriptome at 10 DAP (a10) clustered closely to the ILb kernels at 10 DAP (b10), indicating that the difference between ILa and ILb kernels at 10 DAP was reduced (Additional file [3](#MOESM3){ref-type="media"}: Figure S2).

The parameters used for screening differentially expressed genes (DEGs) between ILa and ILb were fold change (FC) of the expression level in ILa \[FC ≥2 or FC ≤0.5 under *P*-value ≤0.05, false discovery rate (FDR) ≤0.05)\] compared to the expression level in ILb at the same developmental stage based on the sequenced fragments per kilobase of transcript per million mapped reads (FPKM). The transcriptional differences between ILa and ILb peaked at 8 DAP, as 1261 DEGs were found in the a8/b8 transcriptome pair, and 957 (76%) of these DEGs were upregulated in ILa kernels, compared to the expression levels in ILb kernels at 8 DAP. And 847 DEGs and 530 DEGs were obtained from the a5/b5 transcriptome pair and the a10/b10 transcriptome pair, respectively. Only 100 DEGs from these transcriptome pairs overlapped among all developmental stages; a5/b5 shared 292 and 159 DEGs with a8/b8 and a10/b10 transcriptome pairs, respectively. Only 165 DEGs overlapped between a8/b8 and a10/b10 transcriptome pairs (Fig. [3](#Fig3){ref-type="fig"}a, b). Of the overlapped 100 DEGs, the FPKM value of 47 DEGs were higher in ILa kernels at almost all time-points, including 16 DEGs whose FPKM value decreased to below 1 in ILb kernels after 8-DAP, and 35 DEGs were exclusively expressed in ILa kernels and 6 DEGs were exclusively expressed in ILb kernels at all time-points (Additional file [4](#MOESM4){ref-type="media"}: Figure S3). This indicates that almost all the overlapped 100 DEGs displayed similar direction of gene expression changes among different contrasts, except a few DEGs that showed opposite gene expression changes at 8- DAP or at 10-DAP. Gene ontology (GO) analysis indicated that most of these DEGs were enriched in biological processes related to responses to abiotic stress (temperature, heat, light, water, osmotic stress, chemical stimulus, salt, auxin, ABA, and ROS) or biotic stress (defense responses to fungi and bacteria). The enrichment of defense-related functional categories was consistent with the high levels of SA and JA in maize kernels at 5 and 8 DAP (Fig. [2](#Fig2){ref-type="fig"}). The top-enriched molecular functions were catalytic activity, hydrolase activity, and oxidoreductase activity (Fig. [3](#Fig3){ref-type="fig"}c). The a5/b5 and a8/b8 transcriptome pairs contained 54 and 68 DEGs, respectively, that encode components of 'response to hormone stimulus', indicating significant differences in hormone signaling in ILa and ILb kernels during this period.Fig. 3The global differences in the dynamics of the transcriptome in the early developing kernels between ILa and ILb. (**a**) Total DEG numbers from the three transcriptome pairs between ILa and ILb at different developing time. The total DEG number peaked in a8/b8 (1261) and down to the lowest in a10/b10 (530) transcriptome pair, more than half the DEGs were up-regulated in all the three (a5/b5, a8/b8 and a10/b10) transcriptome pair. a5 or b5 is the transcriptome from ILa or ILb kernel at 5 DAP, and so on for a8, b8 and a10, b10. (**b**) Small amount of DEGs overlapped between/among the different transcriptome pairs between ILa and ILb. (C) GO analysis indicates that most of the DEGs from the three transcriptome pairs were enriched in biological processes like defense response to biotic stress and abiotic stress, with molecular function like catalytic or hydrolase or oxidoreduction activity. Significant difference in "response to hormone stimulus" was observed between ILa and ILb at 5 DAP and 8 DAP. (D) KEGG pathway enrichment analysis with the DEGs from the three transcriptome pairs. Notably, 'starch and sucrose metabolism', 'plant hormone signal transduction' and 'plant-pathogen interaction' were all enriched with abundant DEGs from a5/b5, a8/b8 and a10/b10 transcriptome pairs

The top-enriched KEGG (Kyoto Encyclopedia *of* Genes and Genomes) pathways of these DEGs were secondary metabolite biosynthesis pathways, including flavonoid, phenylpropanoid, flavone and flavonol, stilbenoid, diarylheptanoid and gingerol, and benzoxazinoid biosynthesis pathways. Other highly enriched pathways were metabolic pathways, including ascorbate and aldarate metabolism, starch and sucrose metabolism, and phenylalanine metabolism. Large number of DEG were enriched in 'plant-pathogen interaction' pathways at all timepoints. Abundant DEGs in a5/b5 and a8/b8 transcriptome pairs were enriched in 'starch and sucrose metabolism', 'plant hormone signal transduction'; by contrast, these two pathways were remarkably reduced in DEG numbers in a10/b10 transcriptome pairs (Fig. [3](#Fig3){ref-type="fig"}d). Of the 61 DEGs that enriched in 'plant hormone signal transduction' from a8/b8, most of them expressed higher in ILa than that of in ILb at almost all the three time-points, including 7 of them specifically expressed in ILa kernels; except 17 of them expressed higher in ILb than that in ILa at almost all the time-points (Additional file [5](#MOESM5){ref-type="media"}: Figure S4). These results indicate that there are remarkable differences in hormone- and defense-related GO/KEGG functional categories in ILa and ILb kernels at 5 and 8 DAP, suggesting that phytohormone signaling and defense responses may function as molecular regulators mediating early maize kernel development.

Differences in phytohormone signaling and defense response in ILa and ILb kernels peaked at 8 DAP {#Sec5}
-------------------------------------------------------------------------------------------------

Consistent with the above results, ILa and ILb kernels at 8 DAP had striking differences in the expression of certain transcription factor (TF) encoding genes, auxin-, kernel-development- and defense- related genes (Fig. [4](#Fig4){ref-type="fig"}). We identified 102 TF-encoding DEGs that displayed significantly higher expression levels in ILa transcriptomes than in the respective ILb transcriptomes, especially at 8 DAP. The TF-encoding DEGs were from 18 families, including MYB, MADS, bZIP, NAC, AP2/EREBP, WRKY, and GATA. The *Yuc1* expression level was significantly higher in a8 than in b8 kernels, whereas *Yucca2* expression was higher in b8 than in a8. The expression levels of genes encoding indole-3-acetic acid-amido synthetase (GH3), auxin-responsive Aux/IAA family members (IAA1, IAA20, IAA9), and auxin-responsive SAUR family members (SAUR11, SAUR33, SAUR25, SAUR55, SAUR31) were all significantly higher in a8 than b8 kernels. Two genes encoding auxin-repressed proteins (Aux rep) displayed significantly higher expression levels (\> 10-fold) in a5 and a8 transcriptomes than in b5 and b8 transcriptomes. Of kernel development, the DEGs that encoded 6-phosphofructokinase (PFK), ESR6, ESR2, MRP-1, MEG-1, TCRR-1, ZmWRI1a, ZmAFL4, and wx1 had significantly higher expression levels in a8 than in b8 kernels. The transcript levels of *invertase1* and *colorless2* were significantly higher in ILb transcriptomes at all times than that in the respective ILa transcriptomes (Fig. [4](#Fig4){ref-type="fig"}, Additional file [6](#MOESM6){ref-type="media"}: Figure S5, Additional file [1](#MOESM1){ref-type="media"}: Table S1). These indicate that ILb kernels have higher sucrose metabolism as invertases hydrolyze sucrose into glucose and fructose.Fig. 4Expression profiles of the growth and defense related genes between ILa and ILb at different kernel developmental stages. (**a**) There were totally 102 transcription factors (TFs) that were differentially expressed (FC \> 1.5 at FDR \< 0.05) between ILa and ILb in 8-DAP developing kernels. These differentially expressed TFs were from 18 families, including the 5 MYB, 6 MADS, 15 bZIP, 21NAC, 22 AP2/EREBP, 14 WRKY, and 3 GATA family members. (**b**) The fold changes (FC) of the auxin-related, kernel development related, or the MADS TFs, based on the FPKM values in ILa and ILb at the three developmental stages. The expression level of most of these DEGs were remarkably higher in ILa transcriptomes than that in the respective ILb transcriptomes, except the DEGs that encoding Yucca2, colorless2 and invertase1, which were all down-regulated in all the ILa transcriptomes than that in the respective ILb transcriptomes. (**c**) The FC of the defense related DEGs, based on the FPKM in ILa and ILb at the three developmental stages. At 5 DAP, the expression levels of the genes encoding pathongensis-related proteins (PR) were specifically higher in ILa kernel than that in ILb kernel, but the difference reduced at 8 and 10 DAP; the expression level of WRKY member and the POX encoding genes were almost specially higher in ILa 8DAP kernel than that in ILb 8DAP kernel

We detected 53 genes that encode WRKY family members; 11 of these displayed significantly higher expression levels in a8 than in b8 kernels. One WRKY member (GRMZM2G029292) was specifically expressed in ILa kernels. *PR10*, *PR1*, and *PR5* displayed significantly higher expression levels in a5 than in b5 kernels; *PR5* expression level was \> 10-fold higher in a5 kernels (276.72) than in b5 kernels (22.01) (Fig. [4](#Fig4){ref-type="fig"}). Other defense-related DEGs, including six *peroxidase* genes, four *GST* genes, and 18 *CYP* genes, all displayed significantly higher expression levels in a8 than in b8 kernels (Additional file [1](#MOESM1){ref-type="media"}: Table S1). These highly expressed DEGs involved in auxin, kernel development, or defense-response in a5 and a8 kernels may contribute to difference in early kernel development compared to b5 and b8 kernels and lead to smaller mature kernel size in ILa compared to ILb.

Some growth-related and defense-related genes showed dramatically abrupt changes in expression levels in ILa 8 DAP kernel. The expression levels of growth-related genes, encoding expansin, sucrose synthase1, et al., dramatically and abruptly decreased to almost zero in ILa 8 DAP kernels, and then recovered to similar levels as in ILb 10 DAP kernels. The expression levels of defense-related genes, encoding sulfur-rich/thionin-like protein, T22K18_16, hydrophobic protein RCI2B, senescence-associated protein DIN1, and natterin-4 dramatically, et al., abruptly increased in a8 kernels, and then decreased to similar levels as ILb kernels at 10 DAP (Additional file [7](#MOESM7){ref-type="media"}: Figure S6). These dramatically abrupt changes in expression levels suggest rapid global transcriptional reprogramming and an imbalance in growth and defense response in ILa kernels at 8 DAP, this might be associated with the simultaneous higher IAA and SA levels in ILa kernels at 8 DAP, compared to that of ILb kernels.

Dramatic transcriptional reprogramming occurred earlier in ILa than in ILb during early kernel development {#Sec6}
----------------------------------------------------------------------------------------------------------

ILa and ILb kernels displayed striking differences in their transcriptional profiles at 8 DAP, and they also showed their own specific transcription profiles from 5-DAP to 10-DAP. During kernel development from 5 to 8 DAP, the number of DEGs in ILa (1621 DEGs in the a8/a5 transcriptome pair) was more than twice the number of DEGs in ILb (716 DEGs in the b8/b5 transcriptome pair). The number of DEGs in the other two transcriptome pairs did not significantly differ; there were 1886 and 1937 DEGs in the a10/a8 and b10/b8 transcriptome pairs, respectively; and 2193 and 2207 DEGs in the a10/a5 and b10/b5 transcriptome pairs, respectively (Fig. [5](#Fig5){ref-type="fig"}a). These results indicate that dramatic transcriptional reprogramming in ILa kernels occurs during the transition from 5 to 8 DAP, whereas dramatic transcriptional reprogramming in ILb kernels occurs during the transition from 8 to 10 DAP. Within the ILa transcriptome pairs, a8/a5 shared more than half of its DEGs (835) with a10/a5, but only shared 485 of its DEGs with a10/a8, and a10/a5 shared 902 DEGs with a10/a8. The ILb transcriptome pairs had similar overlapping DEGs; b8/b5 shared 445 and 227 DEGs with b10/b5 and b10/b8, respectively, whereas b10/b5 shared 1425 DEGs with b10/8. During kernel development from 5 to 8 DAP, a8/a5 shared only 362 DEGs (22.33%) with b8/b5, with 1259 (77.67%) DEGs specifically owing to the a8/a5 transcriptome pair. From 8 to 10 DAP, transcriptome pair a10/a8 shared 695 (36.85%) DEGs with the b10/b8 transcriptome pair, each with almost two- thirds DEGs specific to its transcriptome pair, whereas a10/a5 shared more than half of its DEGs (1306) with b10/b5 from 5 to 10 DAP (Fig. [5](#Fig5){ref-type="fig"}b--d). A total of 111 TF-DEGs were differentially expressed in at least one of the three transcriptome pairs of ILa or ILb. We detected multiple DEGs encoding Hox and SBP TFs, whereas no *WRKY* members were differentially expressed in ILa or ILb at any developmental stage (Fig. [5](#Fig5){ref-type="fig"}e). These suggest that the greatest difference in transcriptional profiles between ILa and ILb is observed during the transition from 5 to 8 DAP. The dramatic transcriptional reprogramming induced a faster rate of developmental progression, which may begin at 5 DAP in ILa and 8 DAP in ILb, and this substantially different developmental processes ultimately contribute to morphological differences in ILa and ILb kernels.Fig. 5The transcriptome reprogramming is different in ILa kernel or ILb kernel during early development stage. (**a**) The obtained DEG numbers from different transcriptome pairs at different developing stage of ILa or ILb. a8/a5 or b8/b5 means transcriptome from ILa or ILb kernel collected at 8-DAP compared to transcriptome from ILa or ILb kernel collected at 5-DAP, and so on for a10/a5, b10/b5, a10/a8, b10/b8. (**b**-**d**) The overlapping of the DEGs between /among the transcriptome pairs from ILa (B) or ILb (**c**) at different developing stage or between ILa and ILb at the same stage (**d**). (**e**) 111 TF-encoding genes were detected to be differentially expressed at least in one of the three transcriptome pairs of ILa or ILbs. Multiple Hox and SBP, while no WRKY encoding genes were found to be differentially expressed in the three transcriptome pairs of ILa or ILb

The onset of the significantly enriched functional categories was earlier in ILa young kernel at 5 DAP but weaker at 10 DAP, compared to that in ILb young kernel {#Sec7}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

Functional analysis of DEGs from transcriptome pairs of ILa or ILb at different developmental stages showed that the a8/a5 transcriptome pair contained significantly more DEGs in all the top-enriched GO categories (biotic and abiotic stress responses) than the b8/b5 transcriptome pair. By contrast, and the enriched DEG number difference between a10/a8 and b10/b8 transcriptome pairs was not significant in most of these GO categories. Striking differences in the numbers of DEGs from ILa and ILb were observed in the GO category "response to auxin stimulus", in which a8/a5 contained 44 DEGS, b8/b5 contained 15 DEGs; while a10/a8 contained 29 DEGs, and b10/b8 contained 130 DEGs. Similar trends were observed for "response to hormone stimulus", "reproduction" and "post-embryonic development". ILa transcriptome pairs (a10/a8 and a8/a5) contained more DEGs enriched in "chloroplast" than the respective ILb transcriptome pairs (b10/b8 and b8/b5) (Fig. [6](#Fig6){ref-type="fig"}a). Consistently, the a8/a5 transcriptome pair contained more DEGs that were enriched in all the top-enriched KEGG pathways than the b8/b5 transcriptome pair. The b10/b8 transcriptome pair contained more DEGs that were enriched in all these top-enriched KEGG pathways than the a10/a8 transcriptome pair. DEGs that were enriched in the functional categories of "starch and sucrose metabolism", "plant hormone signal transduction", and "phenylpropanoid biosynthesis", were all significantly more in a8/a5 than that in b8/b5 transcriptome pairs; conversely, DEGs that were enriched in these functional categories were significantly more in b10/b8 than in a10/a8 transcriptome pairs. For the "starch and sucrose metabolism" category, a8/a5 contained 52 DEGs, b8/b5 contained 20 DEGs; a10/a8 contained 63 DEGs, while b10/b8 contained 79 DEGs; this suggests that starch and sucrose metabolic pathways are more active during 5 to 8 DAP and less active at later stages from 8 to 10 DAP in ILa kernels, compared to that in ILb kernels. For the "plant hormone signal transduction" category, a8/a5 contained 91 DEGs, b8/b5 contained 27 DEGs; a10/a8 contained 87 DEGs, while b10/b8 contained 93 DEGs (Fig. [6](#Fig6){ref-type="fig"}b). These results indicate that the onset of significantly enriched functional categories was earlier in ILa (at 5 DAP), whereas these functional categories were similarly or more significantly enriched in ILb at later stages (8 DAP).Fig. 6The earlier onset of the significantly enriched functional categories in ILa kernel than that in ILb kernel, by functional analysis of the DEGs from different transcriptome pair during early kernel development stage of ILa and ILb. (**a**) The DEGs from different transcriptome pair at different development stage showed similar GO term enrichment. Much more DEGs were enriched in all the top-enriched terms in a8/a5 than that in b8/b5 transcriptome pair, especially the term "response to auxin stimulus", "response to hormone stimulus". (**b**) The top-enriched KEGG pathways from different transcriptome pair at different kernel development stage of ILa and ILb. The biggest difference in transcriptome reprogramming between ILa and ILb is at 5 to 8 DAP, there are 3 pathways, "Starch and sucrose metabolism", "plant hormone signal transduction" and "phenylpropanoid biosynthesis", displayed significant enrichment in ILa but not in ILb at 5 to 8 DAP. While the DEGs that were enriched in all the top-enriched pathways from a10/a8 were less than that from b10/b8 transcriptome pair

Discussion {#Sec8}
==========

Maize is the world's leading crop. The mature kernel size in maize is determined by the cooperative interactions of many maternal and zygotic factors during early kernel development. This suggests that molecular control of the termination of early kernel development is crucial for later developmental stages \[[@CR33]\]. Many studies report that seed development is regulated by novel genes, transcriptional networks \[[@CR34], [@CR35]\]. Hormone signaling is a key regulatory mechanism that determines mature seed size \[[@CR36], [@CR37]\]. IAA accumulates in BETL, aleurone, and ESR just before maize endosperm starts to accumulate starch, high transcript and protein levels of the auxin transporter *ZmPIN1* are detected in BETL and ESR \[[@CR38]\]. IAA levels undergo more than 50-fold accumulation in developing kernels during endosperm cellularization and early starch deposition \[[@CR39]\].

Phytohormones have important roles in maize early kernel development {#Sec9}
--------------------------------------------------------------------

During maize kernel development, the dramatic transcriptional reprogramming determines the rate of developmental progression, and phytohormone plays critical role in these important biological processes. We detected high levels of SA and JA, while no/low level of IAA in the maize young kernel before 8 DAP; IAA level remarkably increased and SA decreased in 10 DAP kernels. At 10 DAP, ILb kernels had significantly higher IAA levels than that of ILa kernels. IAA level is associated with total cell number and cell volume in developing maize kernel, as the large reductions in free IAA levels in mutant *de18* maize endosperm causes decreased total cell numbers and smaller cell volume in its endosperm \[[@CR15]\]. The mitotic cell division phase during early kernel development is known largely responsible for generating the final population of endosperm cells \[[@CR4]\]. The significantly higher IAA levels in ILb kernels at 10 DAP might result in the generation of more endosperm cells in ILb than in ILa kernels, which ultimately leads to larger mature kernel size in ILb.

SA and JA are associated with defense and stress responses, and they can antagonize other phytohormone pathways. IAA and SA biosynthetic and signaling pathways have antagonistic interactions. It is reported that *mn1* kernels have high SA levels and low IAA levels \[[@CR40]\]. At 8 DAP, both IAA and SA levels in ILa kernels were slightly higher than that of ILb, while JA level in ILa kernels was significantly lower than that of ILb. This contradiction might be associated with the abrupt changes in expression levels of the growth-related and defense-related genes (imbalance in growth and defense response) in ILa 8 DAP kernels (Fig. [2](#Fig2){ref-type="fig"}, Additional file [7](#MOESM7){ref-type="media"}: Figure S6). At 10 DAP, significantly higher IAA and lower SA levels were detected in ILb kernels, compared to ILa kernels at 10 DAP. The abundant SA and JA levels in early maize kernels likely reflects complex crosstalk between hormone pathways and activation of general stress responses. Consistently, most of the top-enriched GO functional categories were defense response related, indicating these complex crosstalk plays important roles in early kernel development (Figs. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}).

Complex crosstalk has been reported between sugar and hormone pathways in developing maize kernels. The carbohydrate status (hexoses-sucrose ratio) has a key role in maize seed size determination by controlling mitotic activity in the endosperm. Sugar levels could also possibly regulate IAA and SA biosynthesis independently and in opposite directions, reduced cell wall invertase activity in mutant *mn1* kernels has been associated with reduced IAA content and increased SA content compared to that in WT kernels \[[@CR40]\]. So higher IAA and lower SA could be seen in ILb kernel at 10-DAP, compared to that in ILa-10-DAP kernel. The *invertase1* is a key gene for maize kernel development \[[@CR40]\], its transcript level in ILb kernels was always \> 2-fold greater than that in the respective ILa kernels at all timepoints (Fig. [4](#Fig4){ref-type="fig"}b). Prolonged higher expression of *invertase1* may result in a higher hexoses-sucrose ratio. This ratio acts as a metabolic signal for extended mitotic activity in ILb kernels, more cells lead to more starch granules, and subsequently this positively correlates with larger mature kernels and greater seed weight. Sugar levels also regulate IAA and SA biosynthesis independently and inversely, leading to higher IAA and lower SA in ILb kernels at 10 DAP compared to that in ILa kernels at 10 DAP (Fig. [2](#Fig2){ref-type="fig"}).

The transcriptional differences between ILa and ILb kernels peaked at 8 DAP with abundant top-enriched defense related functional categories {#Sec10}
--------------------------------------------------------------------------------------------------------------------------------------------

PCA identified significant global differences in ILa and ILb transcriptome dynamics at 5 to 8 DAP; these transcriptional differences peaked at 8 DAP and reduced at 10 DAP (Fig. [3](#Fig3){ref-type="fig"}, Additional file [3](#MOESM3){ref-type="media"}: Figure S2). The ILa kernel transcriptome at 5 DAP clustered closely to the ILb kernel transcriptome at 8 DAP, while ILa and ILb transcriptomes were clustered closely at 10 DAP (Fig. [3](#Fig3){ref-type="fig"}a, Additional file [3](#MOESM3){ref-type="media"}: Figure S2). Essentially all of the top-enriched GO functional categories between ILa and ILb at 5 and 8 DAP were defense responses to biotic and abiotic stress (Fig. [3](#Fig3){ref-type="fig"}c), suggesting that defense related functional categories are the biggest difference between ILa and ILb kernels during this stage. The component of "response to hormone stimulus" is enriched in DEG from a5/b5 and a8/b8 transcriptome pairs, although there is no significant difference in IAA and SA levels between ILa and ILb at 5 and 8DAP, while JA levels is significantly different between them during this stage. Different expression levels of genes associated with auxin (GH3, IAA, SAUR), kernel development (ESR, MRP-1, BETL), defense (PR-, POX, Cyt, GST) and TF-encoding genes (MADS, WRKY), peaked at 8 DAP in ILa and ILb kernels (Fig. [4](#Fig4){ref-type="fig"}). TFs are crucial for many important processes, such as WRKY family protein in the universal signaling pathways involved in responses to external stimuli \[[@CR41]\]. *WRKY* family members are differentially expressed between ILa and ILb transcriptome pairs, whereas no *WRKY* members were differentially expressed, and multiple development-related Hox−/SBP TFs were differentially expressed within ILa or ILb transcriptome pairs during early kernel development (Figs. [4c](#Fig4){ref-type="fig"} and [5e](#Fig5){ref-type="fig"}). Enrichment of these functional categories is consistent with the high levels of SA and JA in 5 and 8 DAP maize kernels.

Functional categories related to phytohormone signaling, development, and carbohydrate metabolism are initiated earlier in ILa {#Sec11}
------------------------------------------------------------------------------------------------------------------------------

Grain filling has earlier onset, slower rate, and earlier termination in maize inbred lines with small seed compared to inbred lines with large seed \[[@CR33]\]. Developmental progression is thought to be a critical factor in these seed weight differences, as small seeds display a linear increase in seed weight between 10 and 12 DAP (with faster developmental progression) and large seeds display this linear increase between 16 and 18 DAP \[[@CR33]\]. The DEG number from a8/a5 transcriptome pair was \> 2 fold than that of b8/b5 pair (Fig. [5](#Fig5){ref-type="fig"}a), indicating more dramatic transcriptional reprogramming and a faster rate of developmental progression in ILa kernels during 5 to 8 DAP. Functional categories such as 'reproduction' and 'post-embryo development', which are indispensable for normal kernel development, were initiated earlier in ILa kernels during 5 to 8 DAP (a8/a5) and was weaker in ILa kernels during 8 to 10 DAP (a10/a8), compared to those observed in the respective ILb kernels (b8/b5 and b10/b8) (Fig. [6](#Fig6){ref-type="fig"}a). This is consistent with a report that the onset of key genes was earlier in small seeds, while similar maximum transcription levels were observed in large seeds at later stages \[[@CR33]\]. These results suggest that dramatic transcriptional reprogramming and faster developmental progression may begin in ILa kernels at 5 DAP and in ILb kernels at 8 DAP. These differences in developmental processes may ultimately contribute to differences in kernel development and mature kernel size.

Among the significantly enriched KEGG functional categories, 'starch and sucrose metabolism', 'plant hormone signal transduction', and 'phenylpropanoid biosynthesis' were more significantly enriched in the a8/a5 than in b8/b5 transcriptome pair and later more significantly enriched in the b10/b8 than in a10/a8 transcriptome pair. This suggests that these categories have earlier onset (at 5 DAP) and weaker activity (at 10 DAP) in ILa kernels than in the respective ILb kernels. These three pathways were also significantly enriched in a5/b5 and a8/b8 transcriptome pairs, further confirming these differences in transcriptional reprogramming during kernel development between ILa and ILb (Figs. [3d](#Fig3){ref-type="fig"} and [6b](#Fig6){ref-type="fig"}). Maize endosperm storage product synthesis and accumulation begins at ∼10 DAP. The earlier enrichment of 'starch and sucrose metabolism' in a8/a5 and its weaker activity in a10/a8 transcriptome pairs suggest that developing ILa kernels have an earlier onset of carbohydrate metabolism, at the time when ILb kernels are undergoing the intense mitotic cell division phase, which ultimately generates the final population of endosperm cells \[[@CR4]\]. Significantly higher IAA levels in ILb kernels at 10 DAP, different transcriptional profiles in ILa and ILb during 5 to 10 DAP, and prolonged high expression of *invertase1* in ILb kernels (Figs. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}), leading to extended mitotic activity and cell proliferation, all indicate that ILb kernels may have a longer period of cell division and generate more endosperm cells, more starch granules, and ultimately larger mature kernel size and seed weight than ILa kernels. And later onset (after 8 DAP) of the significantly enriched KEGG functional categories, especially the 'starch and sucrose metabolism', 'plant hormone signal transduction' categories, coincide with stronger activity of these categories at a later developmental stage (10 DAP), are necessary for the young kernel to undergo longer mitotic activity, produce more cells, and finally develop a larger kernel size. The different onset times and complex interactions of the important functional categories, especially phytohormone signal, and carbohydrate metabolism, form the most important molecular regulators mediating differences in maize early kernel development and mature kernel size.

Methods {#Sec12}
=======

Plant materials and samples preparation {#Sec13}
---------------------------------------

Two maize derived inbreds, ILa (JN14--7-22) and ILb (JN14--7-13), were developed from a single F~2~ progeny ear of a self-crossed hybrid to reduce background genetic differences. Their progenies were further self-crossed for another three rounds and selected for further experiments of this study. At the beginning, these progenies that had similar appearances, such as their mature plant height, ear cob colors, kernel colors and, mature ear harvest time, et al., were selected for further analysis. Later, these progenies were selected when they had different final kernel size. The final kernel size differences were further confirmed for two other rounds of self-crossing generation and then the lines were selected and planted for the following experiments. Then, the selected lines were planted and self-crossed. The primary ears were collected from 5 to 10 self-crossed field-growing plants (2016 in Beijing) at indicated time-points, 5 DAP, 8 DAP and 10 DAP, and only the kernels at the medium part of the ear were collected at each developing time-point (stage) of each inbred, and used for different biological experiment repeats for phytohormone and transcriptome profile analysis. Each line we sampled 10 well-pollinated ears and only kernels from the medium part of the ear were selected for the hundred-kernel-weight (HKW) and had 30 kernels from those used for the HKW measurement for the kernel length and width measurement.

Phytohormone quantification {#Sec14}
---------------------------

All the young kernels used for IAA, SA and JA quantification were sampled from 3 different ears and used for different biological experiment repeats. The collected kernels were immediately frozen in liquid and stored at − 80 °C for further experiments. The IAA, JA, and SA contents were quantified using ultra-high-pressure liquid chromatography-tandem mass spectrometry (UHPLC/MS-MS). The standards were purchased from Sigma-Aldrich (St. Louis, MO, USA) and the internal standard for IAA was D~2~-IAA (Sigma-Aldrich). Sample preparation was performed using solid-phase extraction using a C-bound 18 silica column on the basis of reversed-phase interaction; liquid chromatography was carried out using a UFLC with an autosampler (Shimadzu Corporation, Kyoto, Japan). Experimental details were performed as described according to Liu et al. \[[@CR42]\]. Differences in phytohormone concentration between ILa and ILb were tested using a two-way ANOVA, and followed by a *t*-test (*P* \< 0.05). A *P* \< 0.05 value indicated significant correlation between kernel phytohormone level and kernel genotype difference in the tested population.

RNA-seq and detection of differentially expressed genes (DEGs) {#Sec15}
--------------------------------------------------------------

To investigate the molecular mechanism that underlying the different phytohormone levels and different final kernel sizes of the two maize inbreds, young developing kernels were collected at 5-DAP, 8-DAP and 10-DAP from ILa and ILb plants in the field (2016 in Beijing) for mRNA-sequencing. The kernels used for mRNA-sequencing were collected from the same ears that were sampled for phytohormone detection or mRNA-sequencing. The collected young kernels were immediately frozen in liquid nitrogen and stored at − 80 °C until RNA extraction. Total RNA extraction and Poly(A) RNA isolation were performed according to the manufacturer's protocol (Invitrogen). RNA-seq libraries were prepared according to the Illumina standard instructions (TruSeq Standard RNA LT Guide), followed by a quality check with the Agilent 2100 bioanalyzer, and sequenced on the Illumina HiSeq 3000 platform according to the manufacturer's instructions (HiSeq 3000 User Guide) by Nanjing Vazyme-Bio, in order to generate 150 bp paired-end reads. Effective reads were aligned to Ensembl plants release-30 zea~−~mays genome build Zea_mays.AGPv3.26 (<http://plants.ensembl.org/Zea_mays/Info/Index>). The unique reads were normalized as reads per kilobase of exon model per million mapped reads using Samtools v0.1.19 \[[@CR43]\]. Differentially expressed genes (DEGs) were defined as those with the fold change (FC) of the expression level (FC ≥2 or FC ≤0.5 under *P*-value ≤0.05, FDR ≤0.05) in certain transcriptome compared to the expression level in the control transcriptome. GO enrichment and KEGG enrichment (KEGG enrichment/pathwat graph) were performed using the obtained DEGs. DEGs were defined Q value \< 0.001.

Statistical analysis {#Sec16}
--------------------

Statistical analysis was performed with the paired Student's *t*-test. All values represent the mean ± SD. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.

Additional files
================

 {#Sec17}

Additional file 1:**Table S1**. Fold changes of the expression of auxin-, kernel development- and defense- related genes and certain transcription factor (TF) encoding genes during ILa and ILb early kernel development. (XLSX 42 kb) Additional file 2:**Figure S1**. The field-grown mature plant height of ILa and ILb inbred was similar. This data was obtained from two years (in Beijing at 2015 and 2016) (TIF 152 kb) Additional file 3:**Figure S2**. The global differences in the transcriptome dynamics during early kernel development between ILa and ILb at different developmental stage by principal component analysis (PCA) analysis. The ILa 5 DAP kernel transcriptome (a-5DAP) clustered closely to ILb 8 DAP transcriptome (b-8DAP), the a-8DAP and b-5DAP kernels were strikingly different from the other kernels, while ILa and ILb was clustered very closely at 10 DAP. a-5DAP, a-8DAP, a-10DAP are ILa kernel transcriptome at 5 DAP, 8 DAP, 10 DAP, respectively; b-5DAP, b-8DAP, b-10DAP are ILb kernel transcriptomes at 5 DAP, 8 DAP, 10DAP, respectively. (TIF 600 kb) Additional file 4:**Figure S3**. Heatmap of the overlapped 100 DEGs from different contrasts. Almost all the DEGs displayed similar direction of gene expression changes that were shared among different contrasts. (A) The FPKM value of 47 DEGs were dramatically higher in ILa kernels than that in ILb kernels at all time-points, and the FPKM value of 16 DEGs (the pink line indicated) decreased to below 1 in ILb kernels after 8-DAP. (B) 35 DEGs were exclusively expressed in ILa kernels at all time-points. (C) 11 DEGs (upper part) expressed higher in ILb kernels at almost all time-points and 6 DEGs (the pink line indicated) were exclusively expressed in ILb kernels at all time-points. The number is the FPKM value and to reduce the influence of transcription noise, here we defined a gene as expressed if its FPKM value was ≥1. (TIF 5941 kb) Additional file 5:**Figure S4**. Heatmap of the 61 DEGs that enriched in 'plant hormone signal transduction' from a8/b8 transcriptome pair. (A) Most of them expressed higher in ILa than that of ILb at almost all the time-points, 7 of them specifically expressed in ILa kernels (pink line indicated). (B) 17 of them expressed higher in ILb than that of ILa at almost all the time-points. (TIF 1778 kb) Additional file 6:**Figure S5**. Phytohormone levels and gene expression profiles in early development of the two kernels. (A) Profiles of the phytohormone levels in the two kernels. (B) Expression profiles of a few genes that is important in auxin biosynthetic and catabolic pathways in early development of the two kernels. (C) Expression profiles of a few genes that is important for maize kernel development. (TIF 2200 kb) Additional file 7:**Figure S6**. The growth-related genes and the defense-related genes showed conversely abrupt expression changes in ILa 8 DAP kernels. Left, the growth-related genes, encoding expansin, sucrose synthase1, et al., were abruptly decreased to almost zero in ILa 8 DAP kernels and relatively recovered to similar to that of ILb at 10 DAP; right, the defense-related genes, encoding sulfur-rich/thionin-like protein, T22K18_16, hydrophobic protein RCI2B, senescence-associated protein DIN1, natterin-4, et al., were dramatically and abruptly elevated in ILa 8 DAP kernels and decreased to similar to that of ILb at 10 DAP. (TIF 4857 kb)
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ABA

:   Abscisic acid

AL

:   Aleurone layer

BETL

:   Basal endosperm transfer layer

CKs

:   Cytokinins

CYPs

:   Cytochrome P450 proteins

DAP

:   Days after pollination

ESR

:   Embryo-surrounding region

GSTs

:   Glutathione-S-transferases

IAA

:   Indole-3-acetic acid

JA

:   Jasmonic acid

PR

:   Pathogenesis-related protein

ROS

:   Reactive oxygen species

SA

:   Salicylic acid

SE

:   Starchy endosperm
